Using density functional theory (DFT) and density functional perturbation theory (DFPT), we investigate the stability and response functions of CsH 2 PO 4 , a ferroelectric material at low temperature. This material cannot be described properly by the usual (semi-)local approximations within DFT. The longrange e − -e − correlation needs to be properly taken into account, using, for instance, Grimme's DFT-D methods, as investigated in this work. We find that DFT-D3(BJ) performs the best for the members of the 
INTRODUCTION
In recent years, CsH 2 PO 4 (CDP), a ferroelectric material, has received a renewed interest because of its possible use as solid electrolyte in fuel cells [1] [2] [3] . Indeed, its high-temperature cubic form has been shown to behave as a superprotonic phase 4 .
The CDP crystal, and its deuterated counterpart CsD 2 PO 4 (DCDP), crystallize at low temperature into a P 2 1 ferroelectric phase. CDP and DCDP undergo a phase transition, accompanied by an increase of symmetry, from the ferroelectric phase to a P 2 1 /m paraelectric one at around 154.5K and 264K respectively [5] [6] [7] [8] . Because of these phase transitions and associated ferroelectric and superprotonic properties, the structural, electric and dynamical properties of this material are quite complex. Complementing the available experimental data with theoretical results is of particular interest for proving a better understanding of these materials.
Several theoretical studies have been performed previously on these compounds, most of them based on pair-wise interatomic potentials 9, 10 . From a Density Functional Theory point of view, the studies are quite recent 11, 12 . Some 11 pointed out that the Local-Density Approximation (LDA) 13 is not able to properly describe CDP, predicting the P 2 1 /m phase to be more stable than the P 2 1 one at 0K, in contradiction with experiments. Similar problems are encountered when the exchange-correlation is approximated by the Perdew-Burke-Ernzerhof (PBE) formulation 14 of the Generalized-Gradient Approximation (GGA) 13 . GGA-PBE, indeed, correctly predicts the ferroelectric phase to be energetically favorable than the paraelectric one, but it largely overestimates the lattice parameters (about 8%, as shown later).
Interestingly, the breakdown of these commonly-used (semi-)local DFT exchange-correlation functionals has not been encountered for other hydrogen-based ferroelectrics like KH 2 PO 4 15 or NH 4 H 2 PO 4 16 , for which experimental lattice parameters are reproduced within a few percent using PBE. As discussed in the body of this paper, we suspect that, while the LDA failure can be attributed mainly to the incorrect description of hydrogen bonds, the one of PBE derives from the incorrect description of the long-range e − -e − correlation, which plays an important role in
Cs-based compounds due to the large polarizability of the Cs ion. This assumption is supported by the inability of PBE to predict the correct stable phase of CsCl, CsBr and CsI as shown by
Zhang et al. 17 . The importance of the dispersion corrections was also highlighted in the case of CsH 2 SO 4 18 and for Cs -Cs and Na -Cs alkali-metal dimers by Ferri et al. 19 .
In consequence, special care needs to be taken when choosing the exchange-correlation and the role of the dispersion corrections has to be examined carefully. with periodic boundary conditions. We also extend this formalism to include the DFT-D contributions to strain-related properties e.g. elastic constants, which were unavailable to our knowledge in DFPT up to now.
Thanks to these DFT-D corrections, we are able to properly reproduce both the correct groundstate of CDP and DCDP together with their vibrational properties. We also predict the elastic and piezoelectric constants of this material, as well as its spontaneous polarization using the Berry phase technique.
This manuscript is organized as follows: in Sec. I, the CDP crystal structure and the computational methods are detailed. In Sec. II, the structural, dielectric, vibrational and elastic properties of both CDP and DCDP are presented as well as their phase stability. We detail the theoretical derivations of the dispersion contributions to the elastic constants in Appendix A and validate the correctness of the implementation with respect to finite differences.
I. CRYSTAL STRUCTURE AND COMPUTATIONAL METHOD
All computations are performed with the Abinit software [33] [34] [35] . The exchange-correlation energy is approximated using the GGA-PBE functional. CDP and DCDP crystallize at low temperature into a monoclinic structure (P 2 1 symmetry, 
II. GROUND-STATE
In this section, we report the computed geometry for both the ferroelectric and the paraelectric phases of CDP. The computed relaxed lattice parameters (a,b,c) for both phases are summarized in Table I , alongside with the corresponding available experimental data 8 . As we neglect the zero-point motion, the structure of DCDP is equivalent to the one of CDP. As the experimentallyreported thermal expansion of CDP is extremely small 43 , leading to changes of approximatively −4 mÅ when the (experimental) lattice parameter b was extrapolated to 0K for the ferroelectric phase, we will neglect thermal expansion in the following of the paper.
Previous ab-initio calculations using LDA 11 did not find the ferroelectric phase to be the most stable at low temperature in disagreement with experiments. This failure is not surprising, as on These figures were generated with the Vesta software 42 .
average LDA underperforms in the description of hydrogen bonds 27 . In contrast, PBE correctly predicts the ferroelectric phase to be more stable than the paraelectric one. However, the theoretical value of 8.50Å for the lattice parameter a overestimates the experimental value by more than 8%. This is quite unexpected, given that no particular problems were reported for other hydrogen-based ferroelectrics 15, 16 . Interestingly, in the case of CsHSO 4 18 , which crystallizes at low temperature into a P 21/c structure (Z=4), PBE also shows some failures. On the one hand, it strongly overestimates the experimental unit cell volume; and, on the other hand, it leads to lattice instabilities 44 . This problem was overcome when vdW corrections were added to PBE or rPBE. Similarly, DFT-D2 vdW corrections were required to properly describe the ground-state of Cs-halogens starting from
When vdW corrections are included, we are able to reach a good agreement with the experiments in the case of CDP [3% maximum relative error for PBE-D3, even better with PBE-D3(BJ)]. In order to investigate further the correctness of these DFT-D corrections in the case of hydrogen- based ferroelectrics, we compute the relaxed structures of KH 2 PO 4 and RbH 2 PO 4 for both the ferroelectric and the paraelectric phases and compare the predictions with experiments. We find that the average relative errors of PBE, PBE-D3 and PBE-D3(BJ) are 2.8%, 1.4% and 0.5%, respectively. This indicates that PBE-D3 and PBE-D3(BJ) are able to describe these materials at least in terms of structures. One should mention though, that the most marked effects were observed for CDP, which contains highly polarizable Cs-atoms. More details can be found in the Supplemental Material. Since the PBE functional fails to predict the geometry of these hydrogenbased ferroelectric materials, it was discarded for the subsequent computations.
Concerning the (O-H-O) bonds, PBE-D3 and PBE-D3(BJ)
give similar values for both the short and the long bond lengths (see Fig. 1 ), i.e. 2.49Å and 2.52Å for PBE-D3 and 2.49Å and 2.535Å for PBE-D3(BJ). These values should be compared to the experimental bonds i.e. 2.48Å and 2.54Å 8 . In view of these results, PBE-D3(BJ) performs slightly better for these bond lengths.
A. Stability
In order to investigate the stability of the ferroelectric phase of CDP (DCDP) compared to the paraelectric one, we have first computed the energy difference per atom between these two phases ∆E = E P 2 1 − E P 2 1 /m . For PBE-D3 and PBE-D3(BJ), the results are -3.1 and -2.9 meV/atom, respectively. In agreement with the experiments, the ferroelectric phase is found to be more stable than the paraelectric one.
However, this does not guarantee that the ferroelectric phase is the global energy minimum. In order to consider also the dynamical stability, the phonon band structures have been computed for the ferroelectric phase of CDP with PBE-D3 and PBE-D3(BJ). In these calculations, we have used a 4 × 4 × 4 and 2 × 2 × 2 phonon wavector supporting mesh for the interpolation technique The PBE-D3 phonon band structure shows only positive frequencies. Hence, the P 2 1 structure is stable at 0K. In contrast, the PBE-D3(BJ) phonon band structure presents instabilities around the B and A 0 high symmetry points indicating the existence of a lower-energy phase.
In order to investigate further this instability, we have considered a P 2 1 1×1×2 supercell. We have moved the atoms according to the previously-found unstable phonon mode at the B highsymmetry point (where the strongest instability was found) and then fully relaxed the atomic positions and lattice parameters. The corresponding relaxed structure -that preserves the P 2 1 symmetry-is shown in Fig. 3 . Its predicted lattice parameters are a=7.79Å, b=6.71Å, c=9.47Å
and β=104. We have also computed the phonon band structure of this new phase, which does not show any structural instability (see Fig. 4 ). Interestingly, the corresponding lattice phonon density of states shows a large amount of similarities with respect to the one obtained with PBE-D3 for the ferroelectric phase. The phonon analysis of this phase is shown in the Supplemental Material.
To the best of our knowledge, temperature measurements have not been performed under 80K
for this material. Consequently the existence of a low temperature phase can not be discarded.
However, one should be cautious with respect to the PBE-D3(BJ) results. On the one hand,
we are neglecting the quantum nature of the nuclei, which is crucial in the case of hydrogen- 
B. Vibrational analysis
The phonon modes of the P 2 1 (Z=2) ferroelectric phase of CDP (DCDP) consists of 3 acoustic modes, 15 lattice modes (8A⊕7B) i.e. intermolecular vibrations and 30 internal modes (15A⊕15B).
The isotopic substitution (hydrogen or deuterium) will mostly affect the eigenfrequencies of the modes that are dominated by hydrogen (deuterium) motion. If there were modes with only hydrogen (deuterium) motion, the ratio of frequencies would be the square root of their mass ratio, i.e. √ 2 ≈1.414.
The phonon frequencies of ferroelectric CDP and DCDP at Γ for the A modes and B modes can be found in Tables II and III, For DCDP, it was impossible to clearly assign the modes at 872 and 879 cm −1 , for which the eigenmodes correspond to a mixing of (D-O-D) long bending and PO 4 -group stretching.
Overall, a good agreement is observed between our computation and the experimental data reported by Marchon and Novak, except for the stretching mode of (H-O-H) short . Indeed, we obtain 2193 cm −1 and 1636 cm −1 for CDP and DCDP, respectively, to be compared to the experimental value of 1800 cm −1 and 1970/1720 cm −1 . We suspect that this large discrepancy is due to a missassignment of the experimental Raman peak, which could also corresponds to a double-resonant peak combining the bendings of both (H-O-H) short and (H-O-H) long . Our interpretation is further supported by the fact that the ratio between this reported phonon mode in CDP and DCDP is either equal to 0.91 (using 1970 cm −1 for DCDP) or 1.04 (using 1720 cm −1 ), really far from the expected value of √ 2.
Instead, we would rather assign the experimental Raman peak at 2250 cm −1 to this (H-O-H) short stretching (assigned previously to a double-resonant Raman in Ref. 45 ) and similarly the Raman peak at 1720 cm −1 to this stretching for DCDP.
The remaining discrepancies can be attributed to anharmonic effects, to the approximated treatment of the vdW, to the exchange-correlation and to the experimental error bar (±3 cm −1 according to Ref. 45).
C. Dielectric properties
In addition, we investigate the dielectric properties of CDP. PBE-D3 predicts the following optical dielectric constants ∞ xx = 2.45, ∞ yy = 2.41, ∞ zz = 2.51 and ∞ xz = −0.02. To the best of our knowledge, no experimental value has been reported for the ferroelectric phase of CDP. It is expected that our predictions overestimate the real optical dielectric constants due to the wellknown underestimation of the electronic gap within DFT. The components of the static dielectric permittivity, which include the ion contributions, are 0 xx = 6.11, 0 yy = 6.57, 0 zz = 5.60 and
The total polarization of a system can be obtained using the Berry phase formulation [46] [47] [48] [49] . The spontaneous polarization of CDP is computed by taking the difference of total polarization between the ferroelectric and paraelectric phases. For CDP and DCDP, the calculated spontaneous polarization is 55.4 mC/m 2 along b axis, in excellent agreement with both the computation of Lasave et al. 12 (54 mC/m 2 ) and the experimental observation 50 . The other components are negligible.
The analysis of Born effective charge tensors can give further insights on the ferroelectric properties of CsH 2 PO 4 crystal. They are reported in Table IV . The ones of DCDP are equivalent in the harmonic approximation.
Overall, the computed diagonal components of the Born effective charge tensors for Cs and P atoms are close to their corresponding nominal charge while those of O and H atoms depend strongly on the direction. Indeed, the xx component of the Born effective charge tensor for H 2 atom (aligned with the a axis) is 80% larger than its corresponding nominal value, similarly to the zz component for H 1 , indicating a strong polarizability of the hydrogen bonds.
These Born effective charges differ strongly from those reported by Lasave et al. 12 i.e. Z yx (H 2 )=1.6e, Z yy (H 2 )=0.8e and Z yy (P 1 )=2.3e. However, these discrepancies could be explained by the difference of the long-range e − -e − treatment (PBE-D2 vs PBE-D3), by the fact that their theoretical calculations were performed at experimental lattice parameters instead of their relaxed values, or by the pseudopotentials used.
D. Elastic properties
The calculated elastic and piezoelectric tensors of ferroelectric CDP are reported in Table V .
The DCDP elastic and piezoelectric tensors are equivalent. To the best of our knowledge, no experimental measurements of the elastic constants nor the piezoelectric constants have been performed on the ferroelectric phase of CDP. However for the sake of comparison, we report the room temperature experimental measurements for the paraelectric P 2 1 /m phase of CDP 51 .
The eigenvalues of this elastic tensor are all positive, pointing out its mechanical stability. While the predicted diagonal elastic constants are somehow close to the corresponding room temperature values, the off-diagonal elastic constants diverge more from these experimental measurements, especially e 25 and e 35 . Most of the discrepancies may be explained by temperature effects close to room temperature, which seem particularly important for this material 52 , as well as by the phase transition that occurs at 154.5K. Concerning the predicted piezoelectric coefficients, they are comparable in magnitude than the ones of ZnO 31 , and are approximatively one to two orders of magnitude smaller than the ones predicted for rhombohedral BaTiO 3 31 .
CONCLUSION
In this work, we have investigated in depth the structural, vibrational, mechanical and dielectric properties of CDP in both its ferroelectric and paraelectric phases. We find that the use of vdW corrections, included in this work through Grimme's DFT-D methods, is important to describe properly the geometry of hydrogen-based ferroelectrics i.e. KH 2 PO 4 , RbH 2 PO 4 and CsH 2 PO 4 .
Our stability studies point out the possible existence of a P 2 1 (Z=4) phase at low temperature, yet unreported experimentally or theoretically. Phonon frequencies for the CDP ferroelectric phase are compared to their respective experimental ones. On average, an excellent agreement is obtained for both the lattice and high-frequency modes which are dominated by hydrogen motions. We predict the B phonon frequencies for this phase as well as the dielectric, piezoelectric and elastic constants for this ferroelectric phase. This work sheds light on the stability of CDP. We also report the implementation of the DFT-D contributions to elastic constants inside the Abinit software. The DFT-D methods introduce a pair-wise correction E
disp , independent of the density, that is added to the DFT energy to mimic the vdW interactions. In contrast with the derivation of the interatomic force constants -presented in a previous paper 32 , no dependency with respect to the cell index is involved in the derivation of elastic constants. In consequence, the κ index refers to the collection of all atoms which are replica from atom i in the reference cell in contrast to the notations of Ref. 32. For strain response properties, it is easier to work with the energy per undeformed unit cell volume Ω 0 , E vol defined as
with R κµ an atomic displacement and αβ a strain. When an electric field is applied, the quantity which has to be minimized is no more this volumetric energy, but the electrical enthalpy 31 . However, as the DFT-D methods do not add direct contributions to electric response properties (the change is only indirect, through the change of lattice parameters or interatomic force constants), we will limit ourselves to the volumetric energy. The minimization of Eq. (A1) gives then the ground-state geometry.
The denomination 'elastic tensor' e αβ,γδ computed in DFPT is usually used to refer to the full second derivative of the volumetric energy with respect to strains:
The internal-relaxation contributions to the elastic tensor can be expressed as 31
where
is the pseudoinverse of C κµ,κ ν -the interatomic force constants in reciprocal space at zone center-and Λ κµ,αβ the internal strain coupling parameter, defined as
The usual DFT derivation of the previously-introduced quantities (clamped-ion elastic tensor, internal strain coupling parameters, etc.) can be found elsewhere 30, 31, 53 . For the DFT-D contributions, one can show that a strain derivative of any pair-wise function g(R AB ) can be expressed
As a consequence, the DFT-D contribution to the clamped-ion elastic tensor is given bȳ
and its contribution to the internal strain coupling parameters by
Note however that this DFPT elastic tensor can differ from the "real" elastic tensor 53 , defined
in the case in which the elastic tensor is computed away from the relaxed lattice parameters. In this last expression, Ω refers to the current volume of the primitive cell and σ αβ to the stress tensor.
In DFT-D3, it is also possible to include a 3-body term (see for example Ref. 
